This work was concerned with the perception of "instantaneous pitch" in continuously frequency modulated sounds. In experiment 1, a 70-dB sinusoidal carrier, close to 1 kHz, was modulated by the exponential of periodic functions corresponding to the sum of a few sinusolds [e.g., sin(at)+sin(3at)]. Each modulation had a fundamental frequency (a/2rr) of 1.5 Hz and was symmetric on the dimensions of time and log frequency. Thirty listeners identified discrete melodic motifs within these stimuli. The pitches of the identified notes mainly corresponded to the local frequency maxima; generally, the local minima were not heard as auditory "events" (pitch singularities). A similar perceptual asymmetry was not observed for comparable sequences of discrete tones. In experiments 2-4, frequency difference limens were measured for the maxima and minima of continuous frequency modulations, using an adaptive forced-choice method. Sinusoidal carriers were modulated by the exponential of one cycle of a 5-Hz cosine function, starting at phase z' or phase 0 and giving an overall frequency swing of about 0.5 oct. For maxima and minima around 1 kHz, frequency shifts of maxima were better detected than frequency shifts of minima, by an average factor of 2. Generally, this asymmetry did not decrease as a function of subjects' training in the discrimination task, and was still present when frequency minima were given a 6-dB intensity advantage over frequency maxima. No explanation was found for the advantage of frequency maxima with respect to perceptual salience (experiment 1) or discriminability (experiments 2-4).
INTRODUCTION
Speech sounds contain meaningful frequency modulation (FM): The resonant frequencies of the speech signal are moving, as well as the fundamental frequency of the voiced phoneroes (Pickett, 1980; Cooper and Sorensen, 1981) . For this reason, the human auditory system must be able to process wide FM in a sophisticated manner. However, although the auditory detection of FM has been investigated in numerous studies (e.g., Shower In the human auditory system, from the cochlea up to the primary auditory cortex, frequency seems to be tonotopically coded on a quasilogarithmic scale, at least above 500 Hz (Scharf, 1970 the modulation waveform, our dominant percept was a melodic motif of three notes corresponding to the sequence of the local frequency maxima (X-X-Y); in contrast to the local maxima, the local minima could not be heard as auditory events, i.e., pitch singularities. Following Ibis accidental observation, it was decided to conduct a set of more formal experiments on the perception of frequency peaks and troughs in wide FM. Two studies are reported in this paper. The goal of the first one (experiment 1) was to confirm the existence of the just-described perceptual asymmetry in a rather large sample of subjects (N=30), and to determine if frequency peaks and troughs are also perceived asymmetrically for other complex and periodic FM waveforms, with different rhythmic and/or melodic structures. In experiment 1, therefore, a fixed sinusoidal carrier was modulated by a set of periodic functions including the one described above, and subjects were requested to identify melodic motifs within these stimuli. In the second study (experiments 2-4), variable sinusoidal carriers were modulated by simpler, aperiodic functions, and we measured thresholds for the detection of frequency shifts in isolated peaks and troughs.
I. EXPERIMENT I
A. Method
FM stimufi
The sinusoidal carrier had a frequency of 1046.5 Hz (which corresponds to C6 in the tempered musical scale) and a sound pressure level (SPL) of 70 riB. The carrier frequency was modulated by the exponential of four different functions, depicted in Fig. I and analyzed in Table I . For a given function, f(t), the waveform of the sound signal could be written
where Fc represents the carrier frequency. The four functions f(t) had the following common features.
(1) Each consisted of the sum of a few harmonically related sinusolds with a fundamental frequency (a/2•r) of 1.5 Hz. Thus the modulation period was 666.7 ms in each case.
(2) The functions were symmetric in amplitude. Because their Fourier components were always odd harmonics (har- (3) The functions were symmetric in time. Because the components were all in either sine or cosine phase, reversal of the time axis resulted in a replica or a translated replica of the original waveform.
(4} Within each cycle, a local extremum was reached for six different phases. Two of the three maxima were identical, as well as two of the three minima.
The main individual features of the four functions are documented in Table I, Another possibly significant property of function 1 was the absence of frequency overlap between local maxima and minima: None of the local miniran was higher in frequency than a local maximum. It was interesting to examine the perceptual consequences of a large frequency overlap between maxima and minima, and this was done by using function 3. Its local extrema occurred at four frequency levels (W,X,Y,Z), instead of three for functions 1 and 2, and one of its three miniran (X) was higher than one of its three maxima (Y). Thus the two global maxima (W) were closer to the "high minimum" (X) than to the third maximum (Y). In so far as frequency proximity is a major factor in the formation of auditory streams from discrete sequences of tones (Bregman, 1990) , it could be expected that the high minimum would be grouped with the two global maxima, and would be perceptually salient for this reason.
Finally, we used function 4 because the melodic contour of its successive maxima (W-X-X-W-X-X .. The six FM signals were described to the subjects as "repetitive melodies." For each signal, the melodic motif perceived by each subject was identified in a categorical manner by means of a procedure comprising the following four stages.
(1) By pressing the space bar of a computer keyboard, subjects presented themselves with one excerpt of the signal. They were requested to sing, or to whistle, the melodic motif that they perceived. If a single excerpt was not enough for a confident vocal reproduction, the space bar could be pressed again and one or more additional excerpts were heard.
(2) Subjects had to say how many notes the motif contained (in all), and if some notes of the motif had the same pitch. When it was reported that the total number of notes was six, we supposed that the six notes corresponded to the six local extrema of the modulation period and we did not proceed further for the FM signal involved? (3) When the total number of notes was smaller than six (it was never larger), each perceived pitch was identified in a forced choice paradigm. By pressing the keys F1 to F4 of the keyboard, subjects could produce, at will, four different 110-ms pure tones. For the modulation waveforms based on functions 3 and 4, the frequencies of these four pure tones corresponded to the four frequency levels of the local extrema (FI =Z, F2 = Y, F3 =X, F4 = W). For the modulation waveforms based on functions I and 2, three keys (FI -F3 or F2-F4) respectively produced Z, Y, and X; the fourth key (F4 or F1) produced a "dummy" tone either above X (for F4) or below Z (for F1); in each case, the frequency interval between the dummy tone and its neighbor (X or ZI was equal to lhe modulation depth, so that the four tones were uniformly spaced in pitch. Subjects identified firstly the highest pitch in the motif, then the pitch just below, and so on if more than two different pitches were heard. Throughout this stage, subjects were free to listen again to the FM signal by pressing the space bar; the only constraint was that the pure tones and the 5-s excerpts of the FM signal could not be heard simultaneously. Occasionally, subjects complained that a given pitch perceived in the motif could not be satisfactorily matched with one of the four tones; in such a case, they were instructed to choose the closest tone.
(4) Following the identification of all pitches, subjects were requested to play the whole motif on the keys. The sequence of keys pushed was the final response recorded by the experimenter.
The six FM signals were used in a random order, rederefrained for each subject. The experimenter did not know the ordering of the signals and could not hear them during the session.
Procedure, part B (discrete melodic sequences)
It was important to know if the perception of the FM signals could be predicted from the perception of "discrete" melodic sequences, composed of tones with steady frequencies. Thus, in the second part of the experiment, subjects were presented with a discrete version of two of the FM signals previously used: the signal based on function I with a frequency swing of 0.5 oct and the signal based on function 4. In each case, the continuous FM signal was transformed into a repetitive sequence of six sine tones with frequencies corresponding to the six successive local extrema of the modulation cycle. Each tone had a total duration of 50 ms and was gated on and off with 5-ms cosine shaped amplitude ramps. The component tones of the two sequences were separated by silent intervals which varied in order to mimick exactly the rhythm indicated in Table I for the FM signals. Like the FM signals, the discrete sequences were presented in 5-s fragments with a random starting point.
For each of the two sequences (used in a random order), the subject could hear at will: (1) 
Subjects
The results described below were obtained froth 30 subjects, aged from 13 to 39. Most of them were advanced students in music. All played some musical instrument. For three additional listeners, the test session was interrupted because they did not seem to perceive consistent melodic motifs in the FM signals. Another listener identified a motif including a dummy pitch and her data were rejected for this reason.
B. Results and discussion
FM stimuli
The responses obtained for the FM stimuli based on functions I and 2 are presented in Table II , with their respective percentages. Overall, ten different motifs were identified. 2 We organized them into three classes on the basis of the mean pitch of the identified notes. The motifs for which the mean pitch was Y (i.e., the carrier) were grouped into a class of "symmetric" responses. For instance, "X-Z" was considered as a symmetric response because X and Z were symmetric about Y. "X-Y-X-Z-Y-Z," the motif presumably perceived when the reported number of notes was six, was also symmetric. The second class included "asymmetric" responses that implied a perceptual dominance of the frequency peaks over the frequency troughs in so far as the mean pitch was above Y. The third class was composed of responses for which the opposite was true. (left part) that, again, subjects generally gave asymmetric responses implying a perceptual dominance of the frequency peaks. The most frequent response, "W-W-¾," was exactly the sequence of the local maxima. It is important to remark that subjects identified markedly more notes at the Y pitch level (a local maximum) than at the X pitch level (a local minimum) although X was a higher pitch than Y. The dominant percept, "W-W-Y", did not respect the well-known "principle of proximity" since W was closer to X than to Y. In the case of function 4 (Table III, In summary, the results clearly show that the local maxima of the modulations were more readily heard as pitch singularities, or "auditory events," than the local minima. This occurred for each of the FM functions used, although they markedly differed in rhythmic and/or melodic structure.
However, there was a rather large variability in subjects' responses and the reported motifs did not include only pitch maxima. Since some responses were difficult to interpret (e.g., "X-X-Y-Y" for functions 1 and 2), part of the variability may be due to errors, i.e., misrepresentations of the genuine percepts; but it is likely that frequency troughs were sometimes truly perceived as auditory events. The data collected for function I suggest thai the perceptual asymmetry between the frequency peaks and troughs of continuous FM signals increases with the modulation depth.
Discrete melodic sequences
The results obtained for the two discrete melodic sequences were extremely clear-cut: All subjects reported that, in each sequence, the melodic figure A was easier to hear out than the melodic figure B. Thus, although B was the mosl frequently perceived motif in the continuous FM based on function 1, it was not a salient melodic figure in the corresponding discrete sequence. Apparently, the perception of melodies in continuous FM cannot be simply predicted from the perception of discrete melodic sequences.
Since the component tones of A, but not B, were adjacent in the discrete sequences, the fact that all subjects voted for A rather than B can be taken as evidence that the discrete sequences were not fast enough for a perceptual segregation of their adjacent component tones (at least those forming A) into separate perceptual streams (see Bregman, 1990 
and troughs has a different origin. This view is supported even more directly by the results obtained for function 3 (reported in the previous section).
It is well known that in discrete melodic sequences of pure tones, slow enough to be perceived as coherent streams, the melodic movement is sufficient to induce the perception of "accents" on certain tones. Our results for the continuous FM signals might be interpreted in terms of "subjective accentuation." However, it seems that a discrete tone on which subjects perceive a melodic accent can be preceded by a higher as well as a lower frequency tone; according to Thomassen (1982) , there is no significant asymmetry in this regard.
II. EXPERIMENTS II-IV
Experiment 1 showed that, in sounds possessing a complex and periodic FM, frequency maxima were more readily heard as auditory events than frequency minima. This led us to hypothesize that, in such signals and also simpler FM stimuli, the auditory system encodes frequency maxima more accurately than frequency miniran. In experiments 2-4, the detectability of shifts in maxima and minima was investigated using the modulation functions depicted in Fig. 3 . Each of these functions consisted of a single cosine cycle (on a log-frequency scale) and possessed either a single maximum (in the "peak" conditions) or a single minimum (in the "trough" conditions). On each trial, all the presented stimuli had the same onset and offset frequency but one stimulus differed from the other stimuli with respect to modulation depth. Thus, the differences to be detected essentially rested in the temporal centers of the stimuli, corresponding to the frequency apex. Since we did not wish to combine the "maximum versus minimum" factor with a frequency register factor, the apex frequencies of the peaks and troughs were located in the same spectral region (except for experiment 4). On each trial, three successive stimuli, separated by 500-ms silent intervals, were presented. The first one--the "reference" stimulus--was identical to either the second or the third, at random; subjects had to identify the position of the other stimulus--the "target"---by pressing one of two keys. In the reference stimulus, the total frequency swing was 0.5 oct and the apex frequency (reached after 100 ms) was randomly located within a 0.5-oct range centered on 1 kHz. The target stimulus had the same onset and offset frequency as the reference, but a higher (in the peak condition) or lower (in the trough condition) apex frequency. Visual information concerning response accuracy was immediately provided.
In the first part of the experiment--three test sessions, run on different days--the stimuli were generated with a steady amplitude, giving a nominal SPL of 70 dB. Each ses- hour before the onset of the formal experiment. Subject KU was not presented with stimuli containing AM.
Results and discussion
The results are displayed in Fig. 4 . Overall, it is clear that thresholds were lower in the peak condition than in the trough condition. For the first three sessions (no AM), the corresponding grand means are respectively 23.2 and 52.9 cents. In the case of subject KU, there was a pronounced interaction between sessions and conditions: An advantage for the peak condition was found only during the first session. For the other four subjects, however, better thresholds for the peak condition were found in each session. For subjects KM, LD, and FD, this effect was not significantly reduced in the fourth session, during which the trough condition was favored by the introduction of AM. For subject HP, the AM was apparently effective, but not powerful enough to reverse the previous trend. Thus the data suggest that frequency peaks and troughs are not perceived with the same accuracy and that their perceptual asymmetry is largely unaffected by concomitant intensity fluctuations.
B. Experiment 3
In experiment 2, the frequency shifts that subjects had to detect were always positive in the peak condition and negative in the trough condition. In experiment 3, by contrast, the directions of the shifts were not dependent on the condition. This experiment differed from experiment 2 in two respects: {1) On each trial, the apex frequency of the target stimulus was shifted positively or negatively, at random; thus, from trial to trial, we varied adaptively the absolute value (in cents) of the shift; (2) four stimuli, instead of three, were presented on each trial; the second and the third stimuli were separated by 600 ms instead of 500 ms; the target stimulus could be, at random, the second or the fourth one.
KM, LD, and HP, three listeners who had previously participated as subjects in experiment 2, were tested in a single session involving ten threshold measurements for each of the two conditions. The results are presented in Table IV . Thresholds were higher than in experiment 2, not surprisingly given that the directions of the shifts were predictable in experiment 2 but not in the present case. However, thresholds were still markedly lower in the peak condition than in the trough condition, by a factor of about 2 for each subject.
C. Experiment 4
In the two conditions of experiments 2 and 3, the apex frequencies of the stimuli were located in the same spectral region (centered on 1 kHz). Consequently, there was an average distance of 0.5 oct between the corresponding carrier frequencies. Experiment 4 was a replication of experiment 3 with a single modification: On each trial, in both the peak and the trough condition, the carrier frequency of the reference stimulus (presented three times) was randomly selected in a 0.5-oct frequency range centered on 1 kHz. Thus, on the average, the apex frequencies were 0.5 oct higher in the peak condition than in the trough condition, but instantaneous frequency varied within the same limits for the two conditions. For each condition, as in experiment 3, ten threshold measurements were made for subjects KM, LD, and HP. It can be seen in Table 1V that the results were similar to those obtained in experiment 3. Again, thresholds were about two times lower in the peak condition than in the trough condition. Thus the discrimination asymmetry observed in experiments 2 and 3 seems to be relatively independent of frequency register (but more extensive data should be collected in this regard).
III. GENERAL DISCUSSION
In summary, the present results indicate that there is an auditory asymmetry between the frequency peaks and troughs of continuously frequency modulated tones. Expert-ment 1 showed that frequency peaks are more readily perceived as auditory events than frequency troughs, at least for periodic FM functions in some range of rates and depths. In experiments 2-4, it was shown that frequency shifts are easier to detect on a frequency peak than on a frequency trough, again for at least some rate/depth combinations but in any case for peaks and troughs which are physically symmetric on a logarithmic frequency scale. It is very likely that these two sets of results reflect the operation of common auditory mechanisms. However, we are presently unable to explain them. The results of experiment 1 were not predictable from what is known about stream segregation phenomena in discrete melodic sequences (Heise and Miller, 1951 ; van Noorden, 1975 : Bregman, 1990 ), and we found in this experiment that discrete versions of the continuous FM signals did not produce an analogous auditory effect. With respect to experiments 2-4, the observed peak/trough asymmerry could not be ascribed to differences in frequency register, nor to the presence of artefactual intensity fluctuations. Note also that the results of experiments 2-4 are in contrast to those predicted by consideration of the upward spread of forward masking (see, e.g., Moore, 1978) : The fact that a 70-rib pure tone has a larger forward masking effect on higher-frequency tones than on lower frequency tones a priori favored the trough conditions.
To the best of our knowledge, only two previous studies were devoted to the discrimination of frequency shifts in stimuli possessing some similarity with those involved in experiments 2-4. They were performed by Horst (1989) and Mermelstein (1978) .
Horst ( context. In this connection, it is interesting to point out that the human vocal tract seems to be unable to produce/CVC/ syllables in which each of the vowel's first three formants would be reached from a higher frequency. Dotman et al. (1975) synthesized "pseudosyllables" of this kind. The spectral mirror images of these stimuli were heard by the listeners as/bVb/syllables, in which the vowel could be easily identified. For the pseudosyllables, however, Dotman et al. report that the vowel was "extremely difficult to identify" (p. 125). Our results suggest that the difficulty originated, at least partly, from an auditory process which is not concerned with the perception of speech per se.
Another related study was performed by Porter et al. (1991). They measured difference limens for the onset frequency of speech formant transitions. Their stimuli consisted of a short (30-120 ms) frequency glide followed by a fixed (l.8-kHz) frequency plateau. When the duration of the glides was 60 ms or more, they found that shifts in the onset frequency were better detected for falling glides than for rising glides? The authors ascribed this result to the fact that the standard onset frequency was in a higher register for the falling glides than for the rising glides. However, this interpretation is not very convincing since the difference in question amounted to at most half an octave (2.1 vs 1.5 kHz). Our results suggest instead that the observed asymmetry arose because subjects had to detect shifts in a frequency peak for the falling glides and a frequency trough for the rising glides.
In the experiments reported by Porter et al. (1991), shifts in the onset frequency of a glide were associated with changes in its slope. Hence, it might be hypothesized that the real auditory asymmetry underlying the observed effect concerned the processing of the slopes per se. Namely, the Weber fraction would be smaller for negative slopes than for positive slopes. , lower thresholds were found for falling glides than for rising glides, which seems consistent with the discrimination data discussed above (Porter et al., 1991) . However, an opposite trend was observed in other studies (Gardner and Wilson, 1979; Schouten, 1985 Schouten, , 1986 Carlyon and Stubbs, 1989) , while Arlinger et al. (1977b) found no asymmetry at all. it seems impossible to make sense of lhese apparent discrepancies, for the moment at least.
Although no firm conclusion can be drawn with respect to the influence of FM direction on FM detection, it is very likely that there is a directional asymmetry in the representation of rapid and wide frequency glides in the auditory periphery, due to the phase dispersive properties of the basilar membrane. Indeed, it has been repeatedly observed that rising and falling glides do not have the same masking effect on a tonal probe presented in their spectral center (Zwicker, 1974; Smoorenburg and Contrix, 1980; Kemp, 1982; Smith et al., 1986; Kohlrausch, 1988) ; the masking effect of rising glides is larger, which can be accounted for by a realistic model of sound processing in the inner ear (Smith et al., 1986) . Presumably, cochlear mechanisms are also largely or wholly responsible for the fact that, at very short stimulus durations and in a background of wideband noise, a tone gliding upwards has a lower intensity detection threshold (audiometric threshold) than a tone gliding downwards (see, e.g., N•b•lek, 1976; Collins and Cullen, 1984). However, we do not see how the just-mentioned observations can be logically linked to our basic finding. The existence of an asymroetry in loudness between rising and falling glides at the same (moderate or high) SPL would be more relevant but, to our knowledge, there is no published report of such an asymroetry. Contrix and Smoorenburg (1976) measured both the loudness and the masking effect of rising frequency glides. They found no correlation across subjects in the two corresponding tasks and conclude that masking and the perception of loudness were probably determined by different auditory processes.
It might be considered that Watson et al. (1975) pro-
vided a clue to the origin of the auditory asymmetry observed here, although they used quite different stimuli. Their stimuli were sequences of ten 40-ms tone pulses, presented without silent intervals between pulses. On a given trial, two such sequences had to be compared in a same/different paradigm. In the first sequence, frequency varied unpredictably from pulse to pulse, in a wide range (e.g., 250-900 Hz). The second sequence was either identical in all respects, or differing in the frequency of a single and unpredictable pulse. It was found that detectability of the frequency shifts (expressed in relative terms) was positively correlated to pulse frequency, which is not surprising given the pulse durations (Moore, 1973) . However, an unexpected interaction between frequency and temporal position was also observed: For a pulse which was the highest component of the two sequences, the detectability of a given frequency shift was essentially independent of the temporal position of this pulse; by contrast, for pulses with lower frequencies, detectability was very dependent on temporal position and was best at the end of the sequences. Thus it appeared that a pulse produced "backward interference" effects on the auditory representation of previous pulses, and that this backward interference was asymmetric in frequency (stronger for higher-frequency
